Heat transfer and pressure drop have been experimentally investigated in an equilateral triangular channel ͑D h ϭ 1.83 cm͒, which can be used to simulate the internal cooling passage near the leading edge of a gas turbine blade. Three different rib configurations (45 deg, inverted 45 deg, and 90 deg) were tested at four different Reynolds numbers (10, 000), each with five different rotational speeds (0-400 rpm 
Introduction
The leading edge of the gas turbine blade is critical due to high heat load. Internal cooling technique can be applied by circulating compressed air through the multipass cooling cavities inside blade structure. Cooling channels with different geometry are applicable to different regions of the turbine blade, as shown in Fig. 1 . It shows that the triangular-shaped channel and wedge-shaped channel can be applied to the leading edge and trailing edge of the blade, respectively. Internal cooling is influenced by the channel aspect ratio, turbulence promoter configurations, rotational and flow parameters. Gas Turbine Heat Transfer and Cooling Technology ͓1͔ provides in-depth information about the state of the art cooling techniques.
Early internal cooling research began with square or rectangular channels ͓2-5͔; however, they are commonly used in the middle portion of the turbine blade. A triangular-shaped cooling channel is a more realistic design to fit the profile of the blade leading edge. Studies focused on triangular channels at stationary condition provide a good starting point to understand the heat transfer in leading edge cavities. The heat transfer and pressure drop measurements inside the triangular channel were in good agreement with the correlations developed for turbulent tube flow using the hydraulic diameter of the triangular duct as the tube diameter ͓6͔. Metzger and Vedula ͓7͔ experimentally measured heat transfer in triangular channels with angled ribs on two walls. They studied three different rib angles and three different sets of rib orientations. For all the test configurations, 60 deg angled ribs produce higher heat transfer than 30 deg angled ribs, and P / e = 7.5 rib spacing yield the best thermal performance ͑TP͒. Zhang et al. ͓8͔ tested heat transfer in a triangular duct with full and partial ribbed walls. They found that the heat transfer coefficients and friction factors in triangular ducts with partial ribbed walls ͑90 deg or 45 deg ribs͒ were 10% higher than those with fully ribbed walls. Haasenritter and Weigand ͓9͔ performed a numerical study of heat transfer in a rib-roughened triangular channel. The results show good agreement with the experimental data from Ref. ͓7͔. Ahn and Son ͓10͔ studied heat transfer and pressure drop in a ribroughened equilateral triangular channel with P / e = 4, 8, and 16. They concluded that the P / e = 8 had the best thermal performance with the Reynolds number from 10,000 to 70,000. Amro et al. ͓11͔ also experimentally investigated heat transfer inside a ribbed triangular channel. Considering the local as well as overall heat transfer enhancement and the friction factor, they concluded that 45 deg inclined ribs were the optimum. Not only the triangular channels have been studied, the trapezoidal channels with the similar shape also provide valuable information. Taslim et al. ͓12͔ measured heat transfer coefficients and friction factor in the trapezoidal channel by liquid crystal technique. They found that the roughening of the partition walls enhances the heat transfer coefficients on those walls but, more importantly, enhances heat transfer coefficients on the primary walls considerably. Takeishi et al. ͓13͔ performed an experimental and analytical study on the heat transfer and pressure drop in a triangular cooling channel with the gap between sidewall and ribs. The conclusion was optimizing the length of the gap enables the enhancement of the heat transfer around the trailing edge and to assure mean heat transfer in the while of the cooling flow passage.
In the actual turbine blade, the rotor blade is rotating and the effect of rotation in the cooling channels should be considered. The secondary flow induced by rotation has great impact in the smooth channel as well as in the ribbed channel. Dutta et al. ͓14͔ studied heat transfer in a two-pass rotating triangular duct with the rotation number from 0 to 0.22. They studied two channel orientations to the direction of rotation. For the radially outward flow in the first pass, the Nusselt number ratios increase with rotation on the trailing wall and reduce on the leading wall. Lee et al. ͓15͔ measured the heat transfer and pressure drop in a rotating equilateral triangular channel with three different rib arrangements: 45 deg, 90 deg, and 135 deg. The highest rotation number was 0.1 at Reynolds number of 10,000. They showed that the thermal performance for 45 deg and 135 deg angled ribs is very similar and both are higher than the 90 deg ribs.
The effect of rotation needs to be tested under high rotation numbers in order to simulate the actual engine condition. Currently, most of the data available in the high rotation number domain is limited to square or rectangular channel. Wagner et al. ͓16͔ performed heat transfer measurements inside a smooth square channel with radial outward flow in the first pass. The rotation number ranged from 0.00 to 0.48 in their studies. Wagner et al. ͓17͔ continued to investigate the heat transfer inside the second and third passage of the smooth square channel. The results from Refs. ͓16,17͔ showed that both the rotation number and density ratio ͑DR͒ caused large changes in heat transfer for radially outward flow but relatively small changes for radially inward flow. Johnson et al. ͓18͔ performed heat transfer measurements in a rotating square channel with ribs skewed to the flow and compared the results from the smooth channel. They found that heat transfer with skewed ribs is less sensitive to the buoyancy than the heat transfer inside the smooth channel or normal ribbed channel. Zhou et al. ͓19͔ investigated the heat transfer in a 4:1 channel under high rotation numbers from 0 to 0.6. They concluded that there is a critical rotation number where the trend of the heat transfer enhancement begins to reverse. Liou et al. ͓20͔ investigated the heat transfer in a rectangular channel ͑AR =1:2͒ with 45 deg angled ribs under high rotation numbers from 0 to 2. They found that the 45 deg staggered ribs generated overall heat transfer enhancement of 1.6-4.3 times higher than the Dittus-Boelter correlation in the Reynolds number range of 5000-15,000. Liu et al. ͓21͔ studied the heat transfer in a two-pass rectangular ͑AR =1:4͒ channel under high rotation numbers from 0 to 0.67. They found that the buoyancy parameter can be used to quantify the effect of rotation. Wright et al. ͓22͔ conducted heat transfer measurements in a wedge-shaped trailing edge channels under high rotation numbers from 0 to 1.0. It showed that the nondimensional rotation number and buoyancy parameter not only can be used in the rectangular channel but also valid in this wedge-shaped channel.
Liu et al. ͓23͔ investigated the heat transfer inside an equilateral triangular channel with a smooth and 45 deg angled ribbed surface. The objective is to do an extended research from the previous study ͓23͔, and the performance of different rib configurations inside this triangular cooling channel is compared. The details are as follows.
1. Investigate heat transfer distribution in the equilateral triangular ribbed channel under stationary and rotating conditions. Since the thermal load varies near the leading edge of the turbine blade, each surface of the channel is divided into two regions to provide local heat transfer distribution. 2. Study heat transfer and pressure drop inside the triangular channel with three different rib configurations ͑45 deg, inverted 45 deg, and 90 deg͒. The highest rotation number is 0.58 under the applicable Reynolds number of 10,000. 3. The Reynolds numbers, the rotational speeds, and the coolant-to-wall density ratios were varied in order to obtain a thorough understanding of the rotation number and buoyancy parameter effects. Correlation functions have been generated to predict the heat transfer enhancement.
2 Experimental Setup 2.1 Rotating Facility. The study of heat transfer inside rotating cooling channel is performed in a rotating facility as shown in Fig. 2 . Coolant air enters from the bottom of the rig through a rotary union into the hollow shaft. The air continues to travel through the hub to a rubber hose and goes into the pressure vessel containing the test section. After the air passes through the heated test section, the air goes through another rubber hose to the copper tubing inside slip ring. The copper tubing connects to another rotary union at the top of the slip ring. A needle valve is attached to the pipe to adjust the pressure of the flow loop. With the air pressurized at 5 times atmospheric pressure, the rotation number reached in this triangular channel is 0-0.58. A motor is used to drive the shaft with a frequency controller to control the rotational speeds from 0 rpm to 400 rpm. A 100 channel slip-ring is used as an interface to transfer the data reading from the rotating test section to the data acquisition system.
Triangular Channel With Ribs.
The equilateral triangular test section used is shown in Fig. 3͑a͒ . The coolant air comes from a 1.27 cm diameter pipe into the inlet part. Two mesh screens were placed at the inlet part to help spread the flow. The thickness of the inlet part is 3.81 cm with the L e / D h = 2.09. The inlet part has a slot with the same cross section as the triangular test section and is fully attached to the test section parts. The coolant flow goes radially outward into the test section and discharges into the cavity of the pressure vessel then back to the flow loop. Two pressure taps were placed at the inlet and another two pressure taps were placed at the outlet to measure the pressure drop across the test section.
The triangular test section consists of three parts: leading, trailing, and inner walls as shown in Fig. 3͑b͒ . These three pieces are made of Garolite and the thickness of each piece is 2.54 cm. The size of each copper plate is 1.35ϫ 1.11 cm 2 with the thickness of 0.476 cm. The copper plates on the leading and trailing surfaces were in staggered arrangement. The gaps between the copper plates were filled with silicon as an insulation layer. A blind hole Transactions of the ASME was drilled in each copper plate and a thermocouple was glued in each hole with epoxy. Electric resistant heaters were placed beneath the copper plates in each row. The channel orientation was 90 deg to the direction of rotation.
In the current study, the ribs were glued on the leading and trailing surfaces with super glue. The square ribs were made of brass with the cross section of 1.59ϫ 1.59 mm 2 . Three different rib configurations were tested with the same P / e ratio of 8 and e / D h ratio of 0.087. Figure 4 shows these three rib configurations ͑45 deg angled, inverted 45 deg angled, and 90 deg orthogonal͒. Due to the staggered arrangement of the copper plates, the ribs on the leading surface and trailing surface were also staggered. In order to eliminate the conduction effects caused by the continuous ribs across different surfaces, insulation was filled between the gaps as shown in Fig. 4. 3 Data Reduction 3.1 Heat Transfer Measurement. As described with the experimental setup, regionally averaged heat transfer coefficients were measured in the current study. The heat transfer coefficients can be determined from Newton's Law of Cooling as demonstrated in Eq. ͑1͒.
The net rate of heat transfer is determined from the difference of the power supplied to each resistance heater and the heat lost from the test section. The heat loss is determined by inserting the insulation material into the channel to eliminate natural convection. Power is supplied by the heaters, and the power required to reach a series of given temperatures is recorded. The power supplied to the heaters during this calibration is equivalent to the actual experimental heat loss. Separate heat loss calibrations are required for each rotational speed.
The regional wall temperature ͑T w,x ͒ is measured using the thermocouple fixed in each copper plate. The coolant bulk temperature at a specific location ͑T b,x ͒ in the channel is determined by the linear interpolation between the measured inlet and outlet temperatures. The Nusselt number is used to quantify the heat transfer enhancement ͑or declination͒ due to either the specific channel geometry or rotation. The Nusselt number ratio ͑Nu/ Nu o ͒ is used to show the heat transfer enhancement relative to fully developed, turbulent heat transfer in a circular tube ͑Dittus-Boelter- 
The pressure difference ͑⌬P͒ is taken as the difference between the inlet pressure and outlet pressure readings. The frictional losses can then be calculated by dividing the fiction factor by the turbulent friction factor in a smooth tube as given by the Blasius equation. With the friction factor in a smooth tube defined as f o , the friction factor ratio can be expressed in terms of the measured friction factor, and the smooth channel friction factor, as shown in Eq. ͑4͒.
͑4͒
Based on the heat transfer enhancement ͑Nu/ Nu o ͒ and the frictional loss penalty ͑f / f o ͒, the TP for a given rib configuration can be calculated. Equation ͑6͒ shows the thermal performance based on the constant pumping power condition.
3.3 Uncertainty Analysis. The experimental uncertainty for the presented results was calculated using the method developed and published by Kline and McClintock ͓24͔. Air properties were taken based on the mean bulk air temperature. The uncertainty for the temperature measurement in the triangular channel is 0.3°C. The uncertainty of the Nusselt number ratio is approximately 4.9% for the highest Reynolds number ͑Re= 40,000͒. For the lowest Reynolds number ͑Re= 10,000͒, the maximum uncertainty is approximately 9.8%. The maximum uncertainty for the pressure measurement is 9.7% at Re= 10,000 and drops to 4.7% at Re = 40,000.
Results and Discussion

Heat Transfer in the Stationary
Channel. In the current experimental setup, it is in the developing flow condition because of the short entrance length ͑L e / D h = 2.09͒. Heat transfer is enhanced and the baseline data comparisons were shown in the previous work ͓23͔. Heat transfer is influenced by the channel geometry and the flow condition inside the stationary channel. Angled ribs induce secondary flow along the rib orientations as speculated in Fig. 5 and heat transfer distribution is altered. 45 deg angled ribs induced secondary flow goes from the rib leading region ͑L1 and T1͒ toward the rib trailing region ͑L2 and T2͒. The strength of this secondary flow decreases along the rib orientation and it tends to impinge on the rib leading region ͑L1 and T1͒. Therefore, the heat transfer enhancement is higher in the rib leading region ͑L1 and T1͒ than the rib trailing region ͑L2 and T2͒. For inverted 45 deg angled ribs, the secondary flow structure is reversed as the rib is inverted. Transactions of the ASME Figure 6 shows the Nusselt number ratios ͑Nu/ Nu o ͒ in the stationary channel with smooth case and ribbed cases. Two different Reynolds numbers of 10000 and 30000 are reported for each case. For the 45 deg ribbed channel, the heat transfer enhancement in the rib leading region ͑L1 and T1͒ is higher than the rib trailing region ͑L2 and T2͒. This is a good design for high heat load portion near the blade leading region. The angled rib induced secondary flow grows in strength as the flow goes over several additional ribs and the heat transfer is increased gradually along the streamwise direction. The Nusselt number ratio increases along the streamwise direction from 5.0 to 7.4 in L1 and T1 regions at Re= 10,000. It increases along the streamwise direction from 3.8 to 4.3 in L2 and T2 regions at Re= 10,000. The entire ribbed leading and trailing surfaces both have higher heat transfer than the smooth cases. However, as the Reynolds number increases from 10,000 to 30,000, the heat transfer enhancement by the ribs decreases. For the inverted 45 deg angled ribs, the rib induced secondary flow is reversed compared with the 45 deg angled ribs. Therefore, the higher heat transfer occurs on L2 and T2 surfaces while the lower heat transfer occurs on L1 and T1 surfaces. It shows the reversed heat transfer trend as compared with the 45 deg angled rib. Heat transfer is only slighted altered by the ribs on L1 and T1 surfaces and is smaller than L2 and T2 region. For 90 deg orthogonal ribs, heat transfer is influenced mainly due to ribs tripping the flow and the flow reattachment. There is no rib induced secondary flow along the rib orientation and heat transfer is more uniformly altered across the entire channel. The Nusselt number ratios ͑Nu/ Nu o ͒ on these four regions are very similar and decrease gradually along the streamwise direction as shown in Fig. 6 . At Reynolds number of 10,000, Nusselt number ratio on the leading surface ͑L1 and L2͒ decreases from 5.4 to 4.5 along the streamwise direction. The Nusselt number ratio is about 1.7 times higher than the smooth case at Re = 10,000 and 1.5 times higher than the smooth surface at Re = 30,000.
Heat Transfer in the Rotating
Channel. Before the detailed discussion of the rotating results, it is necessary to describe the effect of rotation inside cooling channels. Two counter rotating vortices are generated due to Coriolis force during rotation. For the radially outward flow, rotation increases heat transfer on the trailing surface while decreases heat transfer on the leading surface. The structure of these two counter rotating vortices varies depending on the channel geometry and the channel orientation. Figure 5 shows this secondary flow pattern in the current study, which also involves the formation of the two counter rotating vortices. In a ribbed channel, the rib induced secondary flow interacts with the rotating induced secondary flow and the heat transfer behavior is affected by the combined effects from both as shown in Fig. 5 . The effect of rotation is small and does not have significant impact on heat transfer on the rib leading surface ͑L1 and T1͒ because rib induced secondary flow dominates. While near the rib trailing surface ͑L2 and T2͒, the wide space allows the rotation induced secondary flow to develop freely and the effect of rotation is more obvious. With the ribs put on the leading and trailing surfaces, the Nusselt number ratio distributions in both the stationary and rotating channels ͑400 rpm͒ are shown in Fig. 7 .
For 45 deg angled ribs, it has high heat transfer near L1 and T1 regions and the heat transfer improvement due to rotation is limited. While on the rib trailing region ͑L2 and T2͒, the effect of rotation is more obvious and enhances heat transfer on the trailing surface while decreases heat transfer on the leading surface. On the L2 region, the rib induced secondary flow opposes the rotation induced secondary flow and produces lowest heat transfer. It can be expected that the direction of rib induced secondary flow is reversed while the rotation induced secondary flow remains the same for the inverted 45 deg angled ribs. On the T2 surface, both the rib and rotation induced secondary flows interact together to enhance heat transfer and the highest heat transfer occurs due to the combined effects. Nusselt number ratio ͑Nu/ Nu o ͒ increases from 6.0 to 11.0 along the streamwise direction at Re= 10,000. Heat transfer on the T1 surface is slightly higher than the L1 surface due to effect of rotation but both higher than the stationary case. Therefore, the L1 surface has the lowest heat transfer at Re= 30,000. However, the L2 surface has the lowest heat transfer at Re= 10,000 due to stronger effect of rotation ͑higher rotation number͒.
Heat transfer is the highest on the T2 surface and the lowest on the L2 surface for 90 deg orthogonal ribs. The rotating heat transfer is mainly affected by the effect of rotation because there is no secondary flow along the rib orientation. Nusselt number ratio increases dramatically from 7.0 to 13.0 on the T2 surface along the streamwise direction at Re= 10,000; however, it increases slightly on L1 and T1 surfaces from 7.0 to 8.4. Nu ratio on the L2 surface is the lowest and remains the same level along the streamwise direction. As the Reynolds number increases, the Nusselt number ratio ͑Nu/ Nu o ͒ decreases and the difference between stationary and rotating results also decreases. Thus, the effect of rotation is reduced.
Rotation Number Effects. Rotation number is a ratio of
Coriolis force to the bulk flow inertia force. By varying the rotational speed ͑Coriolis force͒ and the Reynolds number ͑flow inertia force͒, the contribution from these two factors should yield the same results. The rotation number is defined in Eq. ͑6͒.
This nondimensional parameter is widely used to quantify the effect of rotation in the industry and academia. Heat transfer enhancement due to effect of rotation is represented by the ratio of the rotational Nusselt number to the stationary Nusselt number ͑Nu/ Nu s ͒. Figure 8 shows this heat transfer enhancement ͑Nu/ Nu s ͒ with Reynolds number from 10,000 to 40,000 and rotational speed from 0 rpm to 400 rpm. Three different regions ͑3, 6, and 9͒ in the streamwise direction ͑x / D h = 2.03, 4.11, and 6.19, respectively͒ are chosen to study the rotation number effects.
The Nusselt number ratios ͑Nu/ Nu s ͒ with rotation number for 45 deg angled ribs are presented from region 3 to region 9. The heat transfer enhancements ͑Nu/ Nu s ͒ on L1 and T1 surfaces are very similar, which indicate the effect of rotation is small and the rib induced secondary flow dominates. In region 3, Nusselt number ratio decreases gradually from 1.0 to 0.8 with the rotation number on the L2 surface and gradually increases from 1.0 to 1.2 with the rotation number on the T2 surface. When the flow moves downstream to regions 6 and 9, the difference between L2 and T2 Transactions of the ASME surfaces becomes larger than region 3. For 45 deg angled ribs, heat transfer enhancement/degradation due to effect of rotation is smallest among all the cases. For inverted 45 deg angled ribs, heat transfer enhancements on all the surfaces increase with Ro except for the L2 surface. On L1 and T1 surfaces, Nusselt number ratio ͑Nu/ Nu s ͒ increases from 1.0 to 1.5 in region 3 and from 1.0 to 2.0 in region 9 with rotation number. Heat transfer enhancement due to rotation is smaller near the entrance of the channel because of entrance effect. The Nusselt number ratio ͑Nu/ Nu s ͒ on L1 and T1 surfaces is high due to low Nusselt number at stationary condition ͑Nu s ͒. On the T2 surface, heat transfer enhancement increases slightly with rotation number. Nu/ Nu s increases up to 1.1 in region 3 and 1.35 in region 9. Heat transfer enhancement due to rotation is smaller compared with L1 and T1 surfaces. Heat transfer on T2 surface is already high at stationary condition and thus enhancement due to rotation is limited. On the L2 surface, Nu/ Nu s decreases gradually down to 0.5 in region 3 and 0.4 in regions 6 and 9 with rotation number.
For 90 deg orthogonal ribs, heat transfer enhancement is the highest on the T2 surface and the lowest on the L2 surface. On the T2 surface, Nu/ Nu s increases with rotation number up to 1.7 in region 3 and 2.5 in region 9. For the L2 surface, heat transfer enhancement maintains the same level of 0.8 as rotation number increases and the effect of rotation in this region is minimal. The L2 surface has the lowest Nusselt number ratio due to rotation for all the ribbed cases. In region 3, Nu/ Nu s maintains the same level with rotation number on the T1 surface but increases with the rotation number on L1 surfaces. It is noted that Nu/ Nu s on the T1 surface is lower than the L1 surface due to staggered ribs near the entrance under rotating condition in region 3. In regions 6 and 9, Nu/ Nu s increases gradually with rotation number for L1 and T1 surfaces. For 90 deg orthogonal ribs, there is no significant heat transfer declination as rotation number increases; therefore, overall heat transfer gradually increases with rotation.
Buoyancy Parameter Effects.
The buoyancy parameter is also a widely used nondimensional parameter to quantify the effect of rotation inside the gas turbine blade. The buoyancy force due to centrifugal force and temperature difference is important because of the high rotating speed and large temperature difference in the actual engines. The buoyancy parameter considers all factors affecting the effect of rotation: the density ratio ͑tempera-ture difference͒, the rotation number, and the rotating radius. It is shown in Eq. ͑7͒.
The local film temperature is defined as the average of the local wall temperature and the local bulk temperature as shown in Eq. ͑8͒.
In the current study, the region near the middle portion of the channel ͑x / D h = 4.11͒ is chosen to study the effect of buoyancy parameter on Nusselt number ratios ͑Nu/ Nu s ͒. All the cases were tested at the coolant-to-wall DR of 0.11. Figure 9 shows the Nusselt number ratio ͑Nu/ Nu s ͒ for 45 deg, inverted 45 deg, and 90 deg ribs. For the 45 deg angled ribs, Nusselt number ratio ͑Nu/ Nu s ͒ remains the same level on L1 and T1 surfaces as the buoyancy parameter increases. Heat transfer is enhanced slightly on the T2 surface while declined slightly on the L2 surface. Nusselt number ratio ͑Nu/ Nu s ͒ increases up to about 1.3 in the T2 region while decreases down to about 0.7 in the L2 region at the maximum buoyancy parameter of 1.9. For 90 deg orthogonal ribs, Nusselt number ratio ͑Nu/ Nu s ͒ maintains the same level as buoyancy parameter increases on the L2 surface. Nu/ Nu s increases with buoyancy parameter on L1, T1, and T2 surfaces. It is noted that there is no significant heat transfer degradation for all the regions. High heat transfer due to rotation can be expected at high buoyancy parameter for the 90 deg orthogonal ribs.
Two additional coolant-to-wall DRs of 0.13 and 0.15 were tested specifically for inverted 45 deg rib case to study the density ratio effects. Total of three different density ratios ͑0.11, 0.13, and 0.15͒ were plotted. On the leading surface, L1 increases with buoyancy parameter while L2 decreases with buoyancy parameter. For the entire trailing surface, Nusselt number ratio ͑Nu/ Nu s ͒ increases with the buoyancy parameter as shown in the figure. The heat transfer enhancement on the T1 surface is higher than the T2 region. The data with different density ratios fit nicely into the curve. It shows that the density ratio, Reynolds number, and rotational speed can be varied independently but the results still can be correlated into a single curve by buoyancy parameter. compared between stationary and the highest rotational speed ͑400 rpm͒ to investigate the effect of rotation. The two regions ͑L1 and T1͒ can be used to represent the blade leading edge region of the gas turbine where high thermal load exists. At stationary condition, 45 deg rib has the highest heat transfer while the inverted 45 deg rib has the lowest heat transfer for average of the L1 and T1 surfaces. From this figure, we can conclude that although heat transfer for 45 deg rib is the highest at stationary case; heat transfer of 90 deg rib is comparable with 45 deg rib at rotating condition. The heat transfer enhancement level increases as Reynolds number decreases ͑rotation number increases͒. Inverted 45 deg rib has the highest heat transfer for the average of the L2 and T2 surfaces at stationary condition, as shown in Fig. 10 . For rotating condition, inverted 45 deg and 90 deg rib have the comparable heat transfer enhancement on the L2 and T2 surfaces. It is noticed that the Nu ratio for 45 deg rib is the lowest on these surfaces and is very close to the smooth case on the T2 surface.
4.6 Friction Factor Ratio and Thermal Performance. One way to evaluate the performance of different ribs is to calculate the thermal performance for each rib configuration. In the current study, the pressure drop is measured for all the cases at stationary condition. The friction factor ratios are shown in Fig. 11 . 90 deg rib has the higher friction factor ratio than the 45 deg and inverted 45 deg angled ribs.
Thermal performance near the leading edge of the turbine blade ͑L1 and T1 surfaces͒ and the total average at stationary condition are presented in Fig. 12 . For the L1 and T1 surfaces, 45 deg rib has the highest thermal performance while inverted 45 deg rib has the lowest thermal performance at stationary condition. The total average thermal performance is based on the average Nusselt number ratios ͑Nu/ Nu o ͒ from the leading and trailing surfaces. Angled ribs usually have higher thermal performance than the orthogonal ribs due to smaller pressure drop. Results show that 45 deg rib still has the best thermal performance and 90 deg rib has the worst thermal performance at stationary condition.
Correlations for Heat Transfer Enhancement.
The average Nusselt number ratios ͑Nu/ Nu s ͒ on the leading and trailing surfaces are plotted in Fig. 13 . Each data point is the average of 18 points over the entire leading or trailing surfaces. The results are plotted with the rotation number and the average buoyancy parameter. The well-correlated curve shows that rotation number and buoyancy parameter can be used to predict the heat transfer enhancement inside this triangular channel with smooth and ribbed surfaces. It is well correlated for all the three rib cases by a power function with the maximum discrepancy within Ϯ6.8%. The constants for the correlation functions are shown in Table 1 .
The results for 45 deg angled ribbed and smooth cases were Transactions of the ASME plotted together for comparison. The heat transfer enhancement due to rotation for the smooth case is higher than the 45 deg ribbed case. The heat transfer enhancement/degradation for the smooth case occurs at a lower rotation number and buoyancy parameter than the ribbed case. For the ribbed case, the Nu/ Nu s values on the leading and trailing surfaces are very close when rotation number is smaller than 0.3. After that, the Nusselt number ratios on the leading and trailing surfaces begin to diverge. Figure  13 also shows the Nu/ Nu s with the average buoyancy parameters. The trends are very similar to the plots with the rotation number. For the inverted 45 deg angled ribs, the average Nusselt number ratio ͑Nu/ Nu s ͒ increases with rotation number and buoyancy parameter on both the leading and trailing surfaces. The Nu ratio ͑Nu/ Nu s ͒ increases up to 1.5 on the trailing surface while only increases up to 1.1 on the leading surface as rotation number and buoyancy parameter increases. For 90 deg ribs, both the leading and trailing surface increase with rotation number and buoyancy parameter. Trailing surface has higher heat transfer enhancement than the leading surface. It shows that the heat transfer enhancement due to rotation for 90 deg rib is the highest among all the rib cases.
Conclusion
Heat transfer and pressure drop have been measured in a rotating equilateral triangular channel to model the cooling channel near the leading edge of the gas turbine blade. The results on the leading and trailing surfaces of the channel were reported. The 
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Nomenclature
A ϭ area of the copper plate D h ϭ channel hydraulic diameter e ϭ rib height f ϭ friction factor f o ϭ fully developed friction factor in nonrotating, smooth pipe h ϭ regionally averaged heat transfer coefficient k ϭ thermal conductivity of the coolant L ϭ length of the heated portion of the test section L e ϭ length of the unheated portion of inlet part Nu ϭ regionally averaged Nusselt number Nu o ϭ Nusselt number of the fully developed turbulent flow in nonrotating smooth tube P ϭ rib spacing Pr ϭ Prandtl number of the coolant Q loss ϭ heat loss through the wall Q in ϭ heat input at the wall R x ϭ local radius of rotation Re ϭ Reynolds number, VD h / Ro ϭ Rotation number, ⍀D h / V T w,x ϭ local wall temperature T b,x ϭ local coolant bulk temperature T f,x ϭ local film temperature ͑=͑T w,x + T b,x ͒ / 2͒ V ϭ bulk velocity in streamwise direction ␣ ϭ rib angle of attack ϭ density of the coolant ͑⌬ / ͒ x ϭ local coolant-to-wall density ratio ͑=͑T w,x − T b,x ͒ / T f,x ͒ ⍀ ϭ rotational speed
